We evaluated performance of three commercial Japanese encephalitis virus (JEV) IgM antibody capture enzyme-linked immunosorbent assay (MAC ELISA) kits with a panel of serological specimens collected during a surveillance project of acute encephalitis syndrome in India and acute meningitis and encephalitis syndrome in Bangladesh. The serum and cerebral spinal fluid specimens had been referred to the Centers for Disease Control and Prevention (CDC) for confirmatory testing. The CDC results and specimen classifications were considered the reference standard. All three commercial kits had high specificity (95-99.5%), but low sensitivities, ranging from 17-57%, with both serum and cerebrospinal fluid samples. Specific factors contributing to low sensitivity compared with the CDC ELISA could not be determined through further analysis of the limits and dilution end points of IgM detection.
INTRODUCTION
Japanese encephalitis virus (JEV) is the leading cause of pediatric viral encephalitis in Asia with an estimated 50,000 cases and 10,000 deaths per year. 1 Most JEV infections are asymptomatic or cause an undifferentiated fever and serosurveys in JEV endemic areas have shown that the majority of adults have been exposed to JEV. 1 In neuroinvasive JEV infections, patients may experience a prodromal period of 1-2 weeks followed by 1-3 days of altered sensorium. 1 Many viral and bacterial pathogens cause similar clinical symptoms, which makes laboratory-based diagnosis essential for accurate elucidation of disease etiology.
Isolation of JEV is not a sensitive method of laboratory diagnosis in clinical specimens because the low-level, transient viremia is cleared soon after onset of illness. In contrast, anti-JEV immunoglobulin M (IgM) is produced soon after infection and is detectable in 90% of cases in cerebrospinal fluid (CSF) by 4 days and in serum by 7-9 days following the development of clinical illness. [2] [3] [4] The JEV-specific IgM antibody capture enzyme-linked immunosorbant assay (MAC ELISA) has become the first-line serological assay recommended by the World Health Organization (WHO) to diagnose acute JEV infections. 5 There are a variety of commercially available and "inhouse" laboratory produced JEV IgM detection assays used in diagnostic laboratories, with varying or unknown sensitivities and specificities. Limited performance assessments have been done and these have generally consisted of testing the assays against a panel of well-characterized archived specimens collected from a variety of patients, many of whom did not have clinical symptoms of JEV neurological infections. [6] [7] [8] [9] An evaluation with "field" specimens that were more representative of the type of samples that would typically be collected in Japanese encephalitis (JE) surveillance and routinely tested in public health laboratories was needed. In this study, we evaluated three kits using serological specimens collected during surveillance of acute encephalitis syndrome (AES) in India and an acute meningitis and encephalitis syndrome (AMES) project in Bangladesh. The specimens were collected primarily at admission to a hospital or clinic and initially tested in the laboratories designated for the project (Featherstone DF and others, unpublished data). All samples were referred to the global specialized laboratory (GSL) at the Centers for Disease Control and Prevention, Division of Vector-Borne Infectious Diseases (CDC/DVBID) for confirmatory testing using a battery of CDC in-house assays. Using the CDC test results and interpretations as the reference standard, a panel of 226 CSF and 294 serum specimens were used to evaluate the performance of three commercially available JEV MAC ELISA kits: Panbio JE-Dengue IgM combo ELISA, XCyton JEV CheX, and InBios JE Detect. Information on the performance of these commercial JEV IgM ELISA kits will be useful to diagnostic laboratories involved in JE surveillance programs, allowing evidence-based decisions on choice of kits to be used and weight of the data generated in such studies.
MATERIALS AND METHODS

Samples.
A panel of 520 acute-phase serum and CSF samples without personal identifiers were selected from 1,589 specimens referred to CDC for confirmatory JE serological testing from Bangladesh (438 serum and 86 CSF) and India (551 serum and 534 CSF). The specimens had been collected from patients meeting the acute encephalitis clinical case definition 10 as part of a WHO South East Asian Region/ Centers for Disease Control and Prevention (SEAR/CDC) AES/AMES surveillance project. Samples were referred to the microbiology laboratories associated with the hospital in each of the cities when a case was identified by a surveillance medical officer (SMO) who periodically goes to the hospital to identify AES or AMES cases. After the specimens were tested, the aliquots were referred to the regional reference laboratory and then on to the GSL at the CDC in Fort Collins, Colorado. The samples were collected from 0 to 60 days post onset of illness. Samples that were collected ≤ 7 days post onset accounted for 43.2% (127/294); 23.1% (68/294) were 8-14 days; 7.8% (23/294) were ≥ 15 days; 76 samples had unknown days post onset of disease. All samples were tested at CDC for recent evidence of either JEV or dengue virus (DENV) infection; serum samples were also tested for . The panel stock was stored at −70°C and thawed to aliquot a sample (150 μL CSF and 80 μL serum), which was heat inactivated in a water bath at 56°C for 30 min and stored at −20°C until required for kit evaluation.
Test methods. One laboratory technician conducted all CDC ELISA, plaque-reduction neutralization test (PRNT), and commercial kit testing, with the exception that confirmatory JEV IgM ELISA testing using suckling mouse brain (SMB) antigen on a subset of positive samples was completed by another laboratory technician, who routinely tests diagnostic specimens in the serological laboratory at CDC. Both technicians are Certified Laboratory Improvement Amendments (CLIA) accredited to conduct ELISA and PRNT.
CDC AES/AMES virology confirmatory testing protocols. All referred AES/AMES specimens were tested at CDC contingent on sample volume availability and classified according to the CDC/DVBID arbovirus serological testing algorithm ( Figure 1 ) . Briefly, samples were tested by JEV and DENV IgM ELISA [11] [12] [13] using JE and DEN COS-1 antigen. 14, 15 The CSF was diluted 1:10 and serum samples were diluted 1:400.
If sufficient sample remained after ELISA testing, JEV and/ or DENV IgM positive or equivocal results were confirmed by DENV and JEV 90% specimen dilution endpoint plaque reduction neutralization assay (PRNT 90 ) in Vero cells using a 0.5% agarose double overlay, visualized with neutral red staining in the second overlay. 16, 17 ChimeriVax-JEV (Sanofi Pasteur, France, formerly Acambis Inc., Cambridge, MA) and ChimeriVax-DEN 2 virus (Sanofi Pasteur) were used as challenge viruses in the PRNT. [18] [19] [20] [21] The initial serum and CSF dilutions were 1:10 and 1:4, respectively, resulting in lower limit of quantitation (LLOQ) titers of 10 and 4. Samples were tested Figure 1 . Centers for Disease Control and Prevention (CDC) testing algorithm and results interpretation for Japanese encephalitis (JE) classification. a Cerebrospinal fluid (CSF) were treated in the same manner with the exception that they were not tested for West Nile virus (WNV). b Specimens without adequate volume remaining to conduct the plaque-reduction neutralization test (PRNT) were re-tested by Japanese encephalitis virus (JEV) and dengue virus (DENV) IgM antibody capture enzyme-linked immunosorbent assay (MAC ELISA) with the COS-1 antigen or JE suckling mouse brain (SMB) antigen. Those with concordant results were considered JE presumptive positive and classified as JE positive; specimens with discordant results were excluded from the sample set. c Samples with positive IgM results to more than one of the antigens tested (JEV, DEN, and/or WNV) and without virus-specific antibody response by PRNT (titers to more than one of the viruses without a 4-fold or greater difference) were classified as inconclusive and excluded from the evaluation specimen panel. simultaneously to JEV and DENV. 22, 23 Specimens without adequate volume for the PRNT were re-tested by JEV and DENV MAC ELISA with the COS-1 antigen or JEV SMB antigen. Serum samples were also tested for WNV IgM with confirmatory PRNT 90 as described for JEV and DENV.
The CDC results were interpreted as JE positive, JE presumptive, dengue (DEN) positive, DEN presumptive, West Nile (WN) positive, WN presumptive, or negative as outlined in Figure 1 . A sample that was JE IgM positive or equivocal with a 4-fold or higher neutralizing antibody titer to JEV compared with the titer to DENV or WNV in the PRNT was considered virus specific and classified as JE confirmed positive. A sample with a JEV IgM positive or equivocal result but which did not have a 4-fold or higher difference between neutralizing antibody titers to JEV over DENV or WNV was classified as JE presumptive. The DEN and WN positive and presumptive samples were classified in the same manner. For evaluation purposes, JE positive and presumptive samples are considered to be positive. The JE-negative samples were those that were classified as DEN or WN positive or presumptive or were IgM negative for all antigens tested. JEV IgM equivocal results with no neutralizing antibody titer in the PRNT were also classified as JE negative. Samples with positive IgM results for more than one of the antigens tested (JEV, DEN, and/or WNV) and without virus-specific antibody response by PRNT (titer to more than one of the viruses without a 4-fold or greater difference) were classified as inconclusive and excluded from the evaluation sample panel.
Commercial kits. All kits were stored as prescribed by the manufacturers and the tests were conducted following the manufacturers' instructions with two exceptions: First, the InBios JE Detect kit format prescribes that the samples be tested in duplicate and all samples in this evaluation were tested as singles. Second, Panbio recommends against sample heat inactivation and all the samples were heat inactivated before testing. Samples were diluted according to instructions in the buffers provided in the kits; CSF and sera were diluted 1:10 and 1:100, respectively. Kit results were calculated and classified per the manufacturer's instructions. Qualitative parameters such as time, number of samples that can be tested, and ease of use were assessed in a manner similar to that which is presented by Jacobson and colleagues. 6 Panbio This kit was recently evaluated on a panel of CSF samples, 24 during which a modification of the cutoffs for calculations was recommended. 24 This modification is included in the present evaluation. In addition, the kit protocol recommends that the samples should not be heat inactivated, but in the CDC protocol samples are heated at 56°C for 30 minutes to inactivate adventitious viruses before serological testing. Therefore, to determine if heat inactivation would affect results with the Panbio kit, a panel of samples (32 JEV positive sera and 13 JEV positive CSF samples), both normal and heat inactivated, were tested with the same lot of kit before testing the larger sample panel. As there was no difference in results (data not shown) heat-inactivated samples were used to evaluate the Panbio kit.
XCyton JEV CheX. The XCyton JEV CheX assay (XCyton LLC, Bangalore, India) results were calculated according to the kit instructions, which used a negative control and weak positive controls for both serum and CSF. 7 This assay classifies specimens as JE positive, flavivirus positive, and JE negative. For evaluation purposes the flavivirus-positive samples were considered to be JE negative. This assay uses inactivated cell culture virus antigen and a conjugated JEV-specific Mab.
InBios JE Detect. The InBios JE Detect (Seattle, WA) format and reagents are similar to those of CDC ELISA. [11] [12] [13] Both positive and negative antigens are included to validate the test and control for background nonspecific reactivity with the antigen. The JE COS-1 antigen 14, 15 and flavivirusreactive conjugated monoclonal antibody are licensed by Inbios. Results are interpreted as JE positive, JE equivocal, or negative. For evaluation purposes equivocal samples were considered to be JE negative.
Statistical methods. The CDC/DVBID test results were considered the reference standard for this evaluation and samples were thereby classified as either JEV IgM positive or JEV IgM negative. All DENV and WNV IgM positive results were considered as JEV IgM negative for calculations. Kit results were compared with CDC/DVBID results for calculation of agreement (i.e., proportion of samples correctly classified), sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV). Individual confidence intervals (CI) for proportions were computed using the Wilson score interval. 25 Comparisons of performances between kits in terms of both sensitivity and specificity were made using the Quesenberry and Hurst CI for the difference of correlated proportions recommended by May and Johnson. 26 For all statistical analyses, 95% CI were used. These samples are a representative subset from the AES/AMES project, in which prevalence within the population was determined so that predictive values of tests could be calculated.
Ethical considerations. The patient's serum and CSF specimens were collected by the sentinel hospitals as part of routine diagnostic testing and testing performed at reference laboratories was on deidentified specimens. The CSF specimens were collected in hospitals with the patient's or parent's informed consent. Because this study was for surveillance and used standard clinical specimens, informed consent was not required.
RESULTS
A total of 520 samples, 294 sera, and 226 CSF were used in the Panbio and XCyton evaluations; 454 samples, 270 sera and 184 CSF specimens, were used to evaluate the InBios kit. Kit testing results compared with the CDC testing results are shown in Tables 1 and 2 . Sensitivity, specificity, PPV, NPV, and agreement with 95% CI were calculated from the CDC results ( Figure 2 ). Qualitative parameters of using these kits were identical to those observed by Jacobson and colleagues. 6 The kits had sensitivities ranging from 17-53% for CSF and 20-57% for serum compared with the CDC standard: Panbio 33% (CI = 24-44%) [CSF, 20% (CI = 10-37%); serum, 39% (CI = 28-52%)]; InBios JE Detect 56% (CI = 44-67%) [CSF, 53% (CI = 31-74%); serum, 57% (CI = 43-70%)]; XCyton JEV CheX 19% (CI = 12-28%) [CSF, 17% (CI = 7-34%); serum, 20% (CI = 12-31%)] ( Figure 2 ). Test sensitivity was also calculated with CDC-confirmed JE-positive serum samples, excluding the JE presumptive results, which had not been confirmed by a 4-fold increase in PRNT titer. In this subgroup of 25 samples (23 for InBios JE Detect kit) Panbio, InBios JE Detect, and XCyton JEV CheX had sensitivities of 52% (CI = 33-70%), 74% (CI = 58-90%), and 24% (CI = 11-43%), respectively. However, the difference was not significant at the 95% confidence level from the sensitivity that included JE presumptive samples (data not shown). The Panbio kit had increased sensitivity, to 30% (CI = 17-48%) for CSF samples, if the modified cutoff values were used in the test result calculations, but this difference was not significant from the nonadjusted value ( Figure 2 ). To ensure that the low IgM detection was not caused by heat inactivation of the samples, a subset of 45 samples was tested by the Panbio kit using normal and heat inactivated JEV-positive samples. There were no differences in test results (data not shown).
In a direct comparison of performance between the kits calculated by Quesenberry and Hurst CI construction, the InBios JE Detect assay had significantly higher sensitivity than XCyton JEV CheX with both CSF and serum sample sets and the Panbio for the serum set ( Table 3 ). Using the same comparison parameters, the InBios JE Detect assay also had significantly higher overall sensitivity than the Panbio and XCyton assays with the combined CSF and serum sample set ( Table 3 ). The Panbio kit also detected JEV IgM in serum samples at a significantly higher rate than the XCyton kit ( Table 3 ) .
As a further estimate of sensitivity, endpoint dilutions of JEV IgM detection were determined in a subset of five samples ( Table 4 ) ; three sera diluted 4-fold from 1:100 to 1:12800 and two CSF diluted 2-fold from 1:10 to 1:1280. Serum samples 1-3, with high CDC JEV IgM-positive ELISA results (P/ N > 20), did not reach endpoint detection at the final 1:12800 dilution in either the CDC ELISA or InBios tests ( Table 4 ). In the Panbio assay the JEV IgM detection endpoint dilution was at 1:3200 for samples 1 and To determine if the kit sensitivity was low with samples near the CDC positive cutoff, kit results were compared Table 1 Summary results of three JEV IgM ELISA kits compared with the CDC classifications * * Based on CDC serological testing algorithm (see Figure 1 ). JEV = Japanese encephalitis virus; ELISA = enzyme-linked immunosorbent assay; CDC = Centers for Disease Control and Prevention; CSF = cerebrospinal fluid; JE = Japanese encephalitis; DEN = dengue. There was no significant difference in performance of any of the kits at any of the levels ( Figure 3 ), however the InBios kit detected significantly more low (P/ N < 10) and medium (10 ≤ P/ N < 20) CDC JEV IgM-positive samples than the XCyton kit. Sensitivity of the kits was also analyzed by comparing kit results to CDC JEV IgM positive results, categorized by the number of days from illness onset to sample collection. There was no significant difference in performance between the days post onset or the assays evaluated ( Figure 4 ) . Compared with the CDC reference standard, the Panbio kit had overall specificity of 98.8% (CI = 97-99.5%) [CSF, 99.5% (CI = 97-99.7%); serum, 98.2% (CI = 96-99.3%)]; the InBios JE Detect kit had specificity of 96.9% (CI = 95-98%) [CSF, 98.8% (CI = 96-99%); serum, 95.4% (CI = 92-98%)]; and the XCyton JEV CheX kit had specificity of 97.2% (CI = 95-98%) [CSF, 97.4% (CI = 94-99%); serum, 97.0% (CI = 94-99%)] ( Figure 2 ). False JEV IgM positive results caused by cross-reactivity with DENV IgM-positive samples were as follows ( Table 1 ) ( Table 1 ) ; (3/16), 18.8% (CI = 6-43%) of WNV IgM-positive samples were classified as DENV IgM positive by the Panbio assay; there were no false JEV positive results with the XCyton kit from the WNVpositive samples. There were no significant differences in kit performance on direct comparison between kits based on the CI for the differences of proportions (data not shown). 27 Overall PPVs were Panbio 86% (CI = 78-97%) [CSF, 86% (CI = 49-97%); serum, 86% (CI = 69-94%)]; InBios JE Detect 76% (CI = 63-86%) [CSF, 82% (CI = 52-95%); serum, 75% (CI = 59-85%)]; and XCyton JEV CheX 59% (CI = 41-74%) [CSF, 50% (CI = 23-77%); serum, 63% (CI = 41-81%)] ( Figure 2 ). The NPVs for the kits were: Panbio 87% (CI = 84-90) [CSF, 89% (CI = 84-93%); serum, 86% (CI = 81-90%)]; InBios JE Detect 93% (CI = 90-95%) [CSF 95% (CI = 92-98%); serum 91% (CI = 86-94%)]; and XCyton JEV CheX 85% (CI = 94-93%) [CSF, 88% (CI = 83-92%); serum, 82% (CI = 77-86%)] ( Figure 2 ).
CDC
DISCUSSION
An ideal field-based diagnostic test should meet the ASSURED criteria: a ffordable to diagnostic laboratories with limited resources, s ensitive, s pecific, u ser-friendly, r apid, e quipment-free, and d elivered to those who need it. 28 The JEV IgM ELISA format has the potential to fulfill most of these criteria. The JEV IgM ELISA is relatively sensitive, with detection of JEV IgM in 95% of patients within 5 days of illness onset. 29 IgM is less cross-reactive than IgG to other flavivirus antigens, resulting in higher specificity of the IgM ELISA compared with the IgG ELISA. It requires very little equipment or technical expertise to run the assay, and can be carried out rapidly, particularly with the commercial kits that contain all the components and clear easy-to-understand instructions. Most laboratories have staff with technical experience in running similarly formatted assays.
Meningoencephalitis may result from a number of bacterial and viral etiologies so laboratory confirmation of disease etiology is of utmost importance. Although both sensitivity and specificity are important, one must consider the scope of testing to be done. In diagnostic and surveillance activities, specificity of assays is of primary importance as some etiologies of meningoencephalitis have available treatment and/ or vaccines for prevention. If assays have low specificity and samples are falsely identified as JEV infections there are several potential consequences. These consequences may arise because of a lack of further testing after the JEV diagnosis is made. This would preclude patients infected with treatable diseases, such as bacterial meningitis, from receiving needed treatment. In addition, false diagnosis of JEV can cause overestimation of disease burden leading to extensive and possibly ineffective vaccination campaigns, which can be quite costly and may put unnecessary burdens on already weak public health systems.
These kits were evaluated previously with panels of wellcharacterized sera by Jacobson and colleagues. 6 The serum panel was composed of JE IgM-positive, DEN-IgM positive, and JE/ DEN IgM-negative samples that were archived at the study site, thus the samples did not necessarily fit the AES/AMES case definition. With these selected specimens the kits had high sensitivity (89.3-99.2%). Because of high cross-reactivity with the DENV IgM-positive sera, the InBios and XCyton kits had low specificity (56.1% and 65.3%, respectively) compared with the Panbio JE/DEN duo IgM ELISA kit (99.2%) against the Armed Forces Research Institute of Medical Science (AFRIMS) in-house reference assay. 30 , 31 Specificity of both kits increased to 96.1% if the DENV IgM-positive sera were excluded from the analysis. 6 Following this evaluation InBios modified the threshold cutoff to increase the specificity (Raychaudhuri S, personal communication). The low specificity identified by the Jacobson study in the InBios and XCyton assays was not apparent in this field evaluation of AMES samples collected from India and Bangladesh, over the study period.
CSF is the preferred specimen to test in AMES cases as an IgM positive result in CSF is indicative of a nervous system infection. In contrast, flavivirus cross-reactive antibodies in sera from patients who may have recent asymptomatic DENV or WNV infections, or individuals with recent JE vaccination could be misdiagnosed as having a current JEV infection. Ravi and colleagues 24 showed that the Panbio and XCyton kits had high specificity and sensitivity in a panel of CSF samples from patients with encephalitis syndrome, which included JE, herpes simplex, SSPE, and encephalitis cases for which the etiology was not identified. Although these results were encouraging, a field evaluation with specimens collected from an AMES patient population was needed.
The CSF and serum specimens comprising the test panel in this evaluation were collected in an AES and AMES surveillance project in India and Bangladesh, respectively. A single CSF or serum specimen was collected on hospital entry in 88% (857/975) of the cases in India and in 76% (583/756) of cases in Bangladesh, and diagnosis was made from testing this single acute specimen. Convalescent samples were not obtained for most of the cases and the dates of illness onset and sample collection were not available for many of the samples, such that a final diagnosis could not be made for 81% of the JEV IgM-positive specimens, and could not be confirmed by PRNT because of a lack of detectable neutralizing titer. These were classified as presumptive JEV infections, and considered JE positives in the analyses. As patients typically develop neutralizing antibodies by 7 days post onset, if the IgM-positive sample was collected less than 7 days post onset with a negative PRNT, the sample would be classified as an acute unconfirmed positive sample and a convalescent sample would be requested. Conversely, if the IgM-positive sample was collected more than 7 days post onset with a negative PRNT, the sample would be classified as having non-specific reactivity.
All the kits had high specificity, ranging from 96-98%. The JEV IgM false-positive rate among the DENV IgM-positive specimens was 3.9% with the XCyton kit, 2% with the Panbio kit, and 7.1% with the InBios kit. The InBios JE Detect kit also had 12.5% (2/16) cross-reactivity with WNV-positive samples. These false-positive rates are much lower than those seen from previous evaluations by Jacobson 6 (70-100%) Table 3 Comparison of sensitivity * between kits ). Percentages shown in bold are significantly different in sensitivity from each other ( P < 0.05). Percentages with CIs that do not contain zero are considered to be significantly different. Sensitivity comparisons were computed by the first kit listed versus the second kit; a positive number indicates better performance in the first kit and a negative number indicates better performance in the second kit. Kit results were classified as correct or incorrect based on the CDC reference standard results. For numbers of samples used in these calculations refer to Table 2 .
† ND = not done; adjusted calculation for CSF only. Low CSF 80 10 < 10 < 10 10 * Endpoints are given as the reciprocal of the highest dilution at which Japanese encephalitis virus (JEV) IgM was detected by the assay from an initial serum dilution of 1:100 diluted 4-fold to 1:12800 and initial cerebrospinal fluid (CSF) dilution of 1:10 diluted 2-fold to 1:1280. Endpoints of > 12,800 (sera) or > 1,280 (CSF) indicate that JEV IgM was detected by the assay to the final dilution of the analysis.
† Based on initial Centers for Disease Control and Prevention (CDC) Japanese encephalitis virus (JEV) IgM antibody capture enzyme-linked immunosorbent assay (MAC ELISA) results at 1:400 (sera) and 1:10 (CSF) screening dilutions. High serum or CSF, P/ N > 20; low CSF, P/ N < 10. and A-Nuegoonpipat (9%) 6, 30 and the 10-40% cross-reactivity reported using the CDC ELISA. 6, 11, 24 A large difference in cross-reactivity rates, in DEN-positive sera, between the evaluations was noted, 70% in the XCyton JEV CheX in the Jacobson evaluation, 6 using the AFRIMS assay as the reference standard, 30 versus 2.8% in serum samples presented here. As both reference standards have similar levels of IgM cross-reactivity on DEN-positive samples, 9% cross-reactivity reported in the AFRIMS assay 30 versus approximately 20% cross-reactivity in the CDC assay on this serum sample set, the difference in the cross-reactivity rates between the two evaluations is likely caused by the types of samples used. This assessment used AES field survey cases versus well-characterized samples, including dengue fever cases, in the Jacobson assess-ment. 6 It is likely that the higher cross-reactivity in the Jacobson 6 assessment is caused by the inclusion of the samples from dengue fever patients, rather than AES cases that would not typically be assessed when undertaking JEV surveillance. The NPV were calculated to be 85-93%, therefore use of these kits in surveillance would result in an accurate assessment of non-JE cases.
Overall, the kits had low sensitivities, ranging from 20-60%. The rate of false-negative results was so high that if these kits were used as the only diagnostic test in a population of meningoencephalitis patients in which the true JE prevalence was 13-35%, 40-83% of JEV infections would not be detected. For example, in a surveillance project if 1,000 specimens were tested in a population in which the true JE prevalence was 13.2%, the calculated prevalence using the Panbio, XCyton, or InBios kit would be 4.35%, 2.47%, and 7.38%. However, in routine surveillance rarely are 1,000 specimens tested. If fewer than 100 samples were tested with these kits, most of the JE cases could be missed. Underestimation of JE cases during an epidemic could significantly impact the public health response, such as vaccination campaigns.
In an attempt to determine the factors that accounted for the low sensitivity of the kits, CDC JEV IgM positive results were analyzed three different ways. The kit threshold of IgM detection was measured by endpoint serum and CSF dilution assays ( Table 4 ). In serum specimens the Panbio kit had the lowest sensitivity and InBios the highest sensitivity and equivalent to that of the CDC ELISA. The initial CSF dilution of 1:10 was near the endpoint level of detection by the three kits, with one exception. JEV IgM was detected in CSF sample 4 to dilution 1:300 with the InBios kit ( Table 4 ). These results suggest that modifying the instructions to test CSF undiluted or at a higher concentration could increase sensitivity of the kits with CSF specimens. The second analysis was designed to determine if there was an association between IgM concentration and kit detection. Although the CDC MAC-ELISA is not quantitative, P/ N ratios are indicative of IgM levels. The CDC JEV IgM-positive sera were categorized as low (P/ N < 10), medium (10 ≤ P/ N < 20), or high (P/ N ≥ 20) and compared with the kit test results. As shown in Figure 3 there was no association between CDC P/N ratio and kit JEV IgM-positive rate; all kits failed to detect high, medium, and low CDC JEV IgM positives. In a third analysis, we wanted to determine if IgM in specimens collected in the very acute phase of illness, when the IgM levels were just beginning to rise, may have been below the kit threshold of detection ( Figure 4 ). The CDC and kit test results were plotted by number of days post onset of illness to specimen collection ( Figure 4 ) . No significant correlation was observed between the interval of illness onset to specimen collection and the JEV IgM positivity rate by the kits. Thus, the factors contributing to the significantly lower sensitivities of the kits with sera remain unclear and require further analysis.
All of the three kits are based on a standard ELISA format and results calculated, although the reagents and components vary among them. The Panbio kit contains JE and DEN recombinant antigens produced in an insect cell expression system. Whether the antigen is a complete envelope protein or not is proprietary information; however, antigen conformation has been shown to affect reactivity to IgM. 32 The DENV and JEV Mab conjugates used in the Panbio kit also have not been disclosed, but the antigenic sites that they recognize and their avidity may factor into the sensitivity of the assay. The XCyton JEV CheX kit contains inactivated cell-culture JEV antigen from the JEV Indian prototype (NIVP20778, 1956, Vellore, India). The Mab conjugate used in the XCyton kit was developed against the Indian prototype as well. 7 Thus, the XCyton kit might be expected to have the highest sensitivity in this group of specimens from India and Bangladesh, as the JEV Indian prototype is probably antigenically the closest to the JEV strain presently circulating there. The reactivity of the JEV Mab has not been determined and it is possible that the Mab has high specificity but low avidity for the JE antigen, which could account for the low sensitivity. The InBios JE kit format is most closely modeled to that of the CDC IgM ELISA. In addition to the plate set-up, the same reagents are used in both assays. 33 The JEV and DENV antigens, derived from virus-like particles expressed from stably transformed COS-1 cells, and the flavivirus group reactive Mab conjugate 6B6C-1/HRP are the same reagents used in the MAC ELISA at CDC/DVBID. 14, 34, 35 Not surprisingly, the InBios kit had the highest sensitivity compared with the CDC ELISA.
All of these assays contain components to control for nonspecific-and cross-reactivity. The Panbio and XCyton assays incorporate low positive samples that are used in calculation of cutoff to reduce the likelihood of false-positive results. Similar to the CDC ELISA format, in the InBios assay each sample is tested against a viral antigen and normal, negative antigen. Background or nonspecific reactivity of the sample with the normal control antigen invalidates the test. This reduces the likelihood of false-positive results caused by reactivity of the serological samples with the components used in antigen production.
Factors such as lot-to-lot variability and reagent degradation during shipping or storing also may have contributed to kit performance. There is some evidence of lot-to-lot variation in the XCyton JEV CheX kits. The XCyton JEV CheX kit uses phenol red as a pH indicator in the dilution buffer. In a sideby-side comparison of three unexpired XCyton JEV CheX kits, difference in dilution buffer color intensity between the lots was observed. Changes in pH can lead to conformational changes in protein structure, 32 which could potentially change the interactions between the coat antibodies and the antibodies in solution and change the structures of the antigens used in the assays, altering the Mab affinities and thus reducing sensitivity.
Laboratory diagnosis of flavivirus infections, particularly from a single acute specimen, is challenging even at a reference laboratory. Specificity of the IgM ELISA may be a problem in areas where flaviviruses co-circulate or in vaccinated populations, because of the cross-reactivity of IgM to other flavivirus antigens used in the ELISA, such as between JEV and DENV. False-positives can be resolved by PRNT in primary flavivirus infections, ideally with a convalescent specimen collected 7-10 days following collection of the first specimen. However, in secondary flavivirus infections neutralizing antibody from the first flavivirus infection may be more reactive, or cross-reactive, to the challenge viruses in the PRNT than antibodies elicited in the current infection, again reducing the specificity.
Sensitivity of the assay can also present a problem in patients with encephalitis who present to the hospital soon after onset of illness, which may be before the rise of the neutralizing antibodies, or even IgM, to detectable levels. 2 The IgM ELISA may have low sensitivity in this population of acutely ill patients.
However, given the problems with flavivirus diagnosis, the low sensitivity of the kits compared with the CDC ELISA under field conditions is still of concern. Further analyses of the factors contributing to the low sensitivities of the kits are needed. To further evaluate the performance of these and other JE ELISA kits, a standardized reference panel of well-characterized serum and CSF specimens is in preparation, coordinated by the WHO. This will enable reference laboratories to provide recommendations on the use and improvements of assays for use in surveillance and pointof-care diagnostic situations.
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